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†Background and Aims The collection of field data on plant traits is time consuming and this makes it difficult to
examine changing patterns of traits along large-scale climate gradients. The present study tests whether trait
information derived from regional floras can be used in conjunction with pre-existing quadrat data on species
presence to derive meaningful relationships between specific morphometric traits and climate.
†Methods Quadrat records were obtained for 867 species in 404 sites from northern China (38–498N, 82–1328E)
together with information on the presence/absence of key traits from floras. Bioclimate parameters for each site were
calculated using the BIOME3 model. Principal component analysis and correlation analysis were conducted to
determine the most important climate factors. The Akaike Information Criterion was used to select the best
relationship between each trait and climate. Canonical correspondence analysis was used to explore the relationships
between climate and trait occurrence.
†Key Results The changing abundance of life form, leaf type, phenology, photosynthetic pathway, leaf size and
several other morphometric traits are determined by gradients in plant-available moisture (as measured by the
ratio of actual to potential evapotranspiration: a), growing-season temperature (as measured by growing
degree-days on a 0 8 base: GDD0) or a combination of these. Different plant functional types (PFTs, as
defined by life form, leaf type and phenology) reach maximum abundance in distinct areas of this climate
space: for example, evergreen trees occur in the coldest, wettest environments (GDD0 , 2500 8Cd, a. 0.38),
and deciduous scale-leaved trees occur in drier, warmer environments than deciduous broad-leaved trees. Most
leaf-level traits show similar relationships with climate independently of PFT: for example, leaf size in all
PFTs increases as the environment becomes wetter and cooler. However, some traits (e.g. petiole length)
display different relationships with climate in different PFTs.
†Conclusions Based on presence/absence species data and flora-based trait assignments, the present study
demonstrates ecologically plausible trends in the occurrence of key plant traits along climate gradients in northern
China. Life form, leaf type, phenology, photosynthetic pathway, leaf size and other key traits reflect climate. The
success of these analyses opens the possibility of using quadrat- and flora-based trait analyses to examine
climate–trait relationships in other regions of the world.
Key words: Plant morphometric traits, plant life form, functional types, climate gradient, aridity, Akaike
Information Criterion, northern China.
INTRODUCTION
Functional traits are observable or measurable characteristics
of plants that are assumed to reflect evolutionary responses
to external conditions (McIntyre et al., 1999; Lavorel et al.,
2007). Variation in the occurrence of traits along environ-
mental gradients should therefore reflect variation in the rela-
tive importance of adaptive mechanisms along these gradients.
Keddy (1992) suggested that different aspects of the environ-
ment are important at different spatial scales, such that the
association of traits present in a given location is a conse-
quence of a hierarchy of environmental filters. Thus, topo-
graphic and/or edaphic controls are important at relatively
small spatial scales, disturbance at intermediate spatial
scales, and climate at the broad regional scale. Most studies
of trait–environment relationships to date have been
field-based; it is therefore unsurprising that most of this
work has focused on the impact of competition and succession
(Goldberg and Landa, 1991; Garnier et al., 2004), soil nutrient
status (Reich et al., 1992), and land use and disturbance (Dı´az
et al., 2001; Adler et al., 2004; Pausas et al., 2004). Less atten-
tion has been given to the relationships between traits and
climate gradients on a relatively large scale (but see Dı´az
et al., 1998; Barboni et al., 2004; Wright et al., 2005; He
et al., 2006) because of the difficulty of obtaining field obser-
vations across regions or at a continental scale.
Understanding the relationship between climate and traits is
important for a variety of reasons, not least the ability to
predict changes in vegetation distribution in response to
future climate changes (Woodward and Cramer, 1996; Dı´az
and Cabido, 1997). These relationships are also central to
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mapping using remotely sensed data (e.g. Defries et al., 2000)
or palaeodata (e.g. Prentice and Jolly, 2000) and for global
modelling (e.g. Prentice et al., 2007). Furthermore, if climate
acts as the highest level filter on the occurrence of traits at a
given location, then understanding climate–trait relationships
may also be important for the interpretation of local studies
(e.g. Schulze and Mooney, 1993). Although there have been
continental- or global-scale studies examining the relationship
between, for example, leaf economic traits (Niinemets, 2001;
Wright and Westoby, 2002; Wright et al., 2004), traits
related to water use such as wood density (e.g. Swenson and
Enquist, 2007) and traits related to dispersal such as seed
mass (e.g. Moles et al., 2007), there is less information
about the relationship between plant traits such as life form
or leaf size and climate. There has been a growing realization
that regional floras could be used to provide information on a
wider range of plant traits. The one attempt to date to use such
information used modern pollen assemblages to distinguish
climate-controlled gradients in trait expression, although
pollen assemblages suffer from two drawbacks for the analysis
of trait–climate relationships, namely limited taxonomic resol-
ution, and the possibility that the pollen assemblage contains
non-local taxa (Barboni et al., 2004).
The present study uses field surveys of species distributions
along climate gradients in northern China, coupled with flora
and/or literature-based information on the presence/absence
of specific plant traits, to examine the relationship between
these traits and climate gradients in northern China.
Statistical analysis of these data allows the identification of cli-
matically determined gradients in trait frequency. Although
there has been some work on plant traits in China (e.g. Luo
et al., 2005; Wang and Ni, 2005a, b; He et al., 2006; Wang,
2007), the focus here on the changes in a large suite of plant
morphometric traits along large-scale climate gradients
across northern China is novel.
MATERIALS AND METHODS
Study area
The study focuses on sites in northern China, between 38–498N
and 82–1328E (Fig. 1). The region includes mountain ranges (the
Changbai Mountains in the east and the Tianshan Mountains in
the west), upland plateaus (the Inner Mongolia, Ordos and
Alxa plateaus) and lowland desert areas. The vegetation of the
region ranges from temperate mixed conifer–broadleaved
forests in the east through forest-steppe, meadow-steppe,
steppe, desert-steppe and ultimately to desert in the west, reflect-
ing the pronounced climate gradients characteristic of the region.
The climate of China is dominated by the Asian monsoon system,
with onshore rain-bearing winds in summer (summer monsoon)
and cold, dry winds from the continental interior during winter
(winter monsoon). Continentality, as measured by distance
from the coast, modulates the influence of these broad-scale cir-
culation changes, as does the presence of major mountain chains.
Most of northern China lies at the northernmost limit of the
influence of the summer monsoon; the seasonality of precipi-
tation reflects the monsoon influence, but the amount of precipi-
tation decreases with distance from the coast. Annual
precipitation varies from .1000 mm in the east to ,100 mm
in the west with most of the rainfall occurring in summer.
Winter temperature regimes are strongly influenced by the
winter monsoon as well as the degree of continentality. The
mean temperature of the coldest month ranges from 21 8C
in the east to 232 8C in the west, with the greatest seasonal
contrast in the continental interior.
Quadrat records
The analyses are based on vegetation surveys in 692 sites
made at different times and for different purposes, but gener-
ally in relatively undisturbed locations. At the majority of sites
(see Supplementary Data, Table S1, available online), species
lists were compiled on the basis of surveys with quadrats of
various effective sizes: at some sites only a single 1  1-m2
quadrat was used, at some sites a 1  1-m2 quadrat was used
for non-woody plants and a 10  10-m2 quadrat for trees,
and at some sites several individual quadrats were amalga-
mated. In the trait analysis, the species list for each site was
made by combining data from all the quadrats available, on
the assumption that this would provide the most complete rep-
resentation of the total species present. Separate analyses were
made of the individual 1  1-m2 quadrats to ensure that the
relationships obtained with the pooled data were robust. The
quadrat data set was screened prior to analysis to remove:
(1) sites where only one or two species were recorded and
therefore where sampling was assumed to be incomplete
(11 sites) and (2) sites where more than 25 % of the


















FI G. 1. The study area and the geographical distribution of sites used in final analyses.
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Trait assignments
Plant morphometric traits that appear to be associated with
climate were chosen on the basis of a review of the literature
(McIntyre et al., 1999; Cornelissen et al., 2003; Barboni
et al., 2004; Wang and Ni, 2005b). Traits (for definitions see
Table 1) were assigned to all taxa in the data set identified to
species level (see Supplementary Data, Table S2, available
online) on the basis of information from floras (Editorial
Board of the Flora of China, 1959–2004; Editorial Board of
Flora Intramongolica, 1989–1998; Editorial Board of Flora
Xinjiangensis, 1993–1999; Editorial Board of Flora
Qinghaiica, 1996–1999; IBCAS, 1987), and from web-based
taxonomic or ecological resources (e.g. Watson and Dallwitz,
1992 onwards; IAECAS, 2002; Chinese Virtual Herbarium,
http://www.cvh.org.cn/zhiwuzhi/list.asp). Information on
photosynthetic pathway was derived from Yin and Li (1997),
Yin and Wang (1997), Wang (2002, 2003, 2004a, b) and Liu
et al. (2004). Traits were not assigned to plants identified only
to genus or family level, but these taxa are included in the
total number of species present at a site for the calculation of
trait abundance (see below).
In floras, information on leaf size is often given as a range,
representing growth under different light or nutrient con-
ditions. The present study uses maximum leaf size, which con-
forms most closely to standard recommendations for field
sampling (e.g. see Cornelissen et al., 2003). Floras may
provide quantitative information on petiole length (5 cm is
defined as short petiole and .5 cm as long petiole) but some-
times only categorical information (no petiole, short petiole or
long petiole) is given. Thus, the quantitative information on
petiole length has been converted into categorical information
for the purposes of these analyses.
Previous work has indicated that some individual traits show
different relationships with climate gradients depending on life
form, leaf form and phenology (e.g. see Barboni et al., 2004).
We therefore defined a suite of composite traits according to




No. of sites at
which trait recorded Definitions of traits
Life form Tree 49 50 A perennial woody plant having a main trunk and usually a distinct crown
Shrub 155 386 A woody plant of relatively low height, with several stems arising from the base
and lacking a single trunk
Perennial forb 427 352 Non-woody plant (herb), excluding species from Poaceae, Cyperaceae and
Juncaceae, with above-ground tissue which persists through the non-favourable
season
Annual forb 88 304 Non-woody plant (herb), excluding species from Poaceae, Cyperaceae and
Juncaceae, which completes its life cycle within a single year
Perennial grass 68 348 Non-woody plant from Poaceae, with above-ground tissue which persists through
the non-favourable season
Annual grass 14 63 Non-woody plant from Poaceae, which completes its life cycle within a single year
Sedges/rushes 19 151 Non-woody plant, from Cyperaceae and Juncaceae
Lianas/climber 16 27 Woody and non-woody plants which use other plants (and/or rocks, slopes) for
support for their growth
Geophytes 18 240 Plants over-wintering below ground, with tuber, corm and bulb
Other life
forms
13 24 Including parasite/saprophyte, fern and aquatic
Leaf type Broadleaved 183 388 Leaves that are broad rather than needle-like or scale-like, for plants other than
gymnosperms
Needle leaf 7 10 Leaves that are stiff, linear and needle-like, and generally of similar thickness and
width; includes all conifers
Scale leaf 12 80 Reduced leaves, including scale, sheath and spine leaves
Leafless 2 17 No leaf
Leaf
phenology
Evergreen 10 15 A plant having foliage that persists and remains green throughout the year




C3 796 404 Exhibiting C3 photosynthesis, as indicated by isotopic measurements or leaf
anatomy
C4 65 332 Exhibiting C4 photosynthesis, as indicated by isotopic measurements or leaf
anatomy
CAM 6 58 Exhibiting CAM photosynthesis, as indicated by isotopic measurements or leaf
anatomy
Leaf size Pico 33 138 Leaf area ,5 mm2 (¼1 in the formula used for calculating leaf size)
Lepto 87 344 Leaf area 5–25 mm2 (¼2 in the formula used for calculating leaf size)
Nano 287 396 Leaf area 25–250 mm2 (¼3 in the formula used for calculating leaf size)
Micro 302 365 Leaf area 250–2000 mm2 (¼4 in the formula used for calculating leaf size)
Noto 108 175 Leaf area 2000–4500 mm2 (¼5 in the formula used for calculating leaf size)
Meso 35 68 Leaf area 4500–20 000 mm2 (¼6 in the formula used for calculating leaf size)
Macro 9 11 Leaf area 20 000–150 000 mm2 (¼7 in the formula used for calculating leaf size)
Petiole No petiole 366 404 Leaf without petiole (¼1 in the formula used for calculating petiole length)
Short 354 367 Petiole is shorter than 5 cm (¼2 in the formula used for calculating petiole length)
Long 141 237 Petiole is longer than 5 cm (¼3 in the formula used for calculating petiole length)
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life form (i.e. the available individual traits in each life form).
In the case of woody life forms (tree and shrub), leaf type and
phenology were also used in the definition of composite traits.
Climate data
Mean monthly temperature, precipitation, percentage of
sunshine hours and extreme high and low temperature were
derived from 1814 meteorological stations across China (740
stations have observation from 1971 to 2000, others from
1981 to 1990). The climate data were then re-gridded at
1-km latitude  1-km longitude resolution using a smoothing
spline interpolation (ANUSPLIN version 4.36, Hutchinson,
2006) and the STRM 1-km digital elevation model (Farr
et al., 2007). The re-gridded climate data together with infor-
mation on soil texture (Xiong and Li, 1987) were used to drive
the BIOME3 model (Haxeltine and Prentice, 1996) in order to
calculate bioclimatic variables more closely related to the
physiological controls on plant growth (Prentice et al.,
1992), specifically mean annual temperature (MAT), mean
annual precipitation (MAP), mean temperature of the coldest
month (MTCO), mean temperature of the warmest month
(MTWA), growing degree days on a 5 8 (GDD5) and on a 0 8
basis (GDD0), potential annual evapotranspiration (PET) and
actual annual evapotranspiration (AET). An aridity index a
(the ratio of AET to PET, i.e. the environmentally determined
evaporation rate under unchanging atmospheric and land-
surface conditions: Priestley and Taylor, 1972; Jarvis and
McNaughton, 1986), which measures the drought stress
experienced by plants, was also calculated.
A principal component analysis (PCA: Shaw, 2003) was
performed to determine which combination of climate vari-
ables best summarizes the climate of northern China. The
temperature variables (MAT, MTCO, MTWA, GDD5 and
GDD0) were all strongly and indistinguishably loaded on the
first component axis and the moisture variables (MAP, AET,
a) on the second axis (Table 2). The first two principal com-
ponents explain 88 % of the climate variability across the
region. Individual correlation analyses of each individual and
composite trait were then performed against each of the
climate variables used in the PCA, and the number of times
a given climatic factor was identified as the most significant
explanator was determined (Table 2). Of the temperature-
related variables, MAT and GDD0 most frequently show the
highest correlations with individual traits; amongst the
moisture-related variables, a and MAP are identified as
being most diagnostic. Given that the bioclimatic variables a
and GDD0 are widely used to define climatic limits in global
vegetation models (Prentice et al., 2007), these two variables
were retained for further analyses of climate–trait
relationships.
Lack of soil information precluded the calculation of the
bioclimatic variables a and GDD0 at 24 sites; these sites
were therefore not included in further analyses. A further 47
sites were excluded from analysis because the elevation of
the sampling site differed by more than 200 m from the
elevation of the grid cell used for calculation of the bioclimatic
variables, and thus the interpolated temperature could be sub-
stantially different from the actual climate at the site.
Assuming a standard lapse rate, the maximum error for sites
differing in elevation by 200 m would be around 1 8C, which
seems acceptable given the range of sampled climate. Also
excluded were 39 sites with GDD0, 2000 8Cd from high
mountain areas in western China: these sites do not show
clear relationships between traits and climate, which we
suspect is due to inadequate sampling of the vegetation.
Statistical analyses of traits versus climate
As a result of screening the sites according to the quality of
the available floristic information and for the degree to which
the derived climate information could be considered represen-
tative of the site location, statistical analyses were conducted
on a total of 404 sites with 867 species identified to species
level (see Supplementary Data, Tables S1 and S2, available
online).
The abundance of each trait or composite trait at each site
is expressed as the ratio of the species showing that trait or
composite trait to the total number of species (the total
number of species includes plants only identified to genus or
family level, as well as plants identified to species level) or
the number of species in that life form at the site. Leaf size







where S is the score of leaf size or petiole length, n is the
number of attributes, Ci is the code of each attribute
(Table 1), Ni is the number of species showing Ci and NT is
the total number of species or the number of species in that
life form at the site.
An arcsine square root transformation of the ratios was used
to meet the normal distribution assumption for least-squares
regression analysis. A saturated quadratic model with an
TABLE 2. Principal component analysis of key climate variables
and frequency that a given climate variable is identified as the
most strongly correlated factor with individual and composite
plant traits across the suite of plant traits




Mean annual temperature (MAT) 0.937 20.313 16.7
Mean temperature of the coldest month
(MTCO)
0.834 20.016 12.7
Mean temperature of the warmest
month (MTWA)
0.68 20.574 6.9
Growing degree days, base 5 8 (GDD5) 0.8 20.511 8.8
Growing degree days, base 0 8 (GDD0) 0.829 20.488 15.7
Moisture-related factors
Mean annual precipitation (MAP) 20.203 0.938 45.1
Actual evapotranspiration (AET) 20.228 0.952 26.5
Potential evapotranspiration (PET) 0.813 20.315 3.9
AET/PET (a) 20.388 0.902 62.7
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interaction term, expressed as:
Weighted average or arcsin
pðtraits percentageÞ
¼ b0 þ b1  GDD20 þ b2  a2 þ b3  GDD0
 aþ b4  GDD0 þ b5  a
was adopted as the initial model (Barboni et al., 2004). The
Akaike Information Criterion (AIC, Johnson and Omland,
2004) was used to select the best-fit model of the relationship
between each trait and the climatic factors. There were 32
potential model choices for each trait, with different combi-
nations of climatic factors (from no independent variable to
full model). The intercept and slope of each relationship
were estimated by the least-squares regression method. The
F-statistics and associated probability level were used to indi-
cate the statistical significance of the R2 of the best model.
Given that the data show spatial autocorrelation (as shown
by Moran’s I values), and that this can influence the statistical
significance tests (Legendre, 1993), a conservative value (P,
0.01, although most of the results yielded values of P, 0.001)
was chosen to determine whether the relationships between
plant traits and climatic factors are significant. The model
selection and statistical analysis were conducted using R (R
Development Core Team, 2008).
Canonical Correspondence Analysis (CCA; ter Braak, 1987)
was used to identify the sequence of individual and composite
plant traits along the climatic gradients. CCA is an appropriate
analysis tool when some or all traits are likely to show unimodal
rather than monotonic relationships to the underlying gradients
(ter Braak and Prentice, 1988). The CCA was carried out on
the combined trait–site and climate–site matrices. Only those
traits significantly correlated with climate were considered.
RESULTS
Analysis of individual traits and climate
Life forms. Trees, shrubs, forbs and grasses are present across
virtually all of the climate range represented in northern
China, and show coherent changes in relative abundance
along the gradients of a and GDD0 (Fig. 2). Trees are
present throughout the range but reach their maximum abun-
dance (.25 %) in two regions: where a is moderately high
(.0.53) and in hot, dry regions (a , 0.2, GDD0 . 3700
8Cd). The maximum at the hot, dry end of the range reflects
the dominance of one tree species that unusually has C4 photo-
synthesis (see below). Shrubs reach maximum abundance
when a is ,0.35. Annual forbs are most abundant in dry cli-
mates (a , 0.3) whereas perennial forbs become more abun-
dant (.50 %) as a increases above this value. There may be
a similar pattern with grasses, with perennial grasses reaching
maximum abundance in wetter environments than annual
grasses (Fig. 2). Unfortunately, there are relatively few
species of annual grass present in the data set and they are
derived from a limited number of sites (Table 1), so that the
expression of climate-determined patterns in the abundance
of this life form is not strong.
Geophytes and sedges/rushes are also widely distributed
across the climate range in northern China, but do not show
any changes in abundance associated with the gradients in a
and GDD0. In the case of sedges/rushes, this is probably
because their presence is determined by local hydrology. In
the case of geophytes, this may be because there are only 18
species in the data set. Other life forms (lianas/vines, ferns,
parasites/saprophytes and aquatics) are also represented by
only a few species and at relatively few sites (Table 1).
Thus, in illustrating the relationships between climate gradi-
ents and specific composite traits within each life form (see
below), only trees, shrubs, forbs and grasses are considered
(i.e. a total of 801 species) although all species were included
in the statistical analyses.
Photosynthetic pathway. Most of the species in the data set are
C3 plants (796 species), and C3 photosynthesis is common at
all sites within the region. However, there are patterns in the
abundance of plants using the C4 or CAM photosynthetic path-
ways with respect to the gradient both in aridity and in
growing-season warmth. In woody species (trees and
shrubs), C4 photosynthesis becomes the dominant form of
photosynthesis (.50 %) when a is ,0.3 (Fig. 3). There is
only one species of C4 tree in the data set (Haloxylon
ammodendron, Chenopodiaceae); this tree is not present at
sites where a is .0.3, but is the only tree species present at
drier sites. C4 shrubs are present in moderate abundance in
sites where a is ,0.45, although they reach maximum abun-
dance (sometimes 100 % of all shrubs) in drier sites (a ,
0.3). There are no discernible gradients in the abundance of
C4 photosynthesis with aridity in perennial grasses or annual
forbs, but in perennial grasses C4 photosynthesis is more
common in the warmer sites with higher GDD0. There are
only 14 species of annual grass. Mixed C3/C4 grasslands are
apparently not sampled in this data set; sites are recorded as
having either 100 % C3 or 100 % C4 annual grasses (this is
true whether there are several species of grass present or not,
and is not a result of incomplete sampling of species).
Most of the perennial forbs are characterized by C3 photo-
synthesis. Species with C4 photosynthesis were recorded at
29 sites but at only one site do they exceed 15 % of the total
number of perennial forbs present. Similarly, species with
CAM photosynthesis were recorded at 58 sites but comprise
,15 % of the perennial forbs at all but four sites. The
maximum abundance of C4 photosynthesis in perennial forbs
does not conform to the pattern shown by other groups as it
occurs at wetter sites where a is between 0.25 and 0.6; there
are no examples of perennial forbs with C4 photosynthesis
when a is ,0.25 (Fig. 3). The abundance of perennial forbs
with CAM photosynthesis shows the same pattern (Fig. 3).
The distribution patterns of CAM perennial forbs appear to
reflect rainfall seasonality: all of the sites where CAM is
present have .66 % of the total rainfall occurring in June–
August. The relatively moist sites with C4 perennial forbs
are also characterized by the dominance of summer rain.
Leaf traits. Within trees and shrubs, there are secondary gradi-
ents in abundance related to plant functional types (PFTs)
defined by leaf type (broad, needle, scale or reduced leaves)
and leaf phenology (deciduous, evergreen). Evergreen needle-
leaved trees occur when GDD0, 2500 8Cd (Fig. 4). There are
no evergreen broad-leaved and scale-leaved trees in the data
set. There is only one deciduous needle-leaved tree in the
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data set (Larix olgensis) and this only occurs in one site at the
wetter site near Changbai Mountains. Deciduous trees occur
across the climate range represented in the data set.
Deciduous broadleaved trees are abundant when a. 0.38;
deciduous trees with reduced or scale leaves (i.e. Tamarix chi-
nensis, Casuarina equisetifolia, Haloxylon ammondendron)
are abundant when a, 0.38. Evergreen shrubs are most abun-
dant at intermediate values of a (0.15–0.45; Fig. 4). There are
no needle-leaved shrubs in the data set, and only one species of
evergreen scale-leaved shrub (Sabina vulgaris). Deciduous
shrubs occur throughout the climate range. Broad-leaved
deciduous shrubs are abundant across the whole climate
region. Deciduous scale-leaved shrubs occur when a, 0.4
(at all but one site, a, 0.38) and reach the highest abundance
when a, 0.25 (Fig. 4). Thus, the controls on leaf phenology
differ between trees and shrubs: evergreen trees replace decid-
uous trees as conditions become colder, evergreen shrubs are
confined to moderately wet environments, deciduous shrubs
occur across the climate range but deciduous scale-leaved
trees and shrubs are confined the regions where a is ,0.38.
At the trait level, i.e. irrespective of presence/absence of any
other plant traits, there are strong relationships between leaf
size and climate (Fig. 5). The largest leaf size recorded is
macrophyll, but the most common leaf size is nanophyll. In
the weighted averages used in the trait analysis, this translates
into largest leaf size of 4–5 and the most common leaf size is
between 2 and 3. Plants with leaf sizes in the range 2–3 occur
across the whole range of climate, except in hot, dry sites (a ,
0.15, GDD0 . 4000 8Cd). Leaf size increases as a increases
and GDD0 decreases. Leaf size is larger than 2 when a .
0.19, and generally larger than 3 in the sites where a . 0.3.
Species with the largest leaves occur where 0.5 , a , 0.61
and 2250 , GDD0, 2900 8Cd (Fig. 5). This pattern of
increasing leaf size as aridity decreases is also displayed at
the level of individual life forms in the case of trees, shrubs
and annual forbs (Fig. 5). The pattern is not as clear in the
other life forms. The largest leaved perennial forbs occur
mainly at higher levels of a (.0.4). There is no discernible
pattern in the leaf sizes of grasses (Fig. 5).
Analysis of composite traits and climate
CCA of individual traits in climate space confirms the
results of the analyses of individual trait abundance. All the
individual traits display an interpretable sequence in climate
space as defined by a and GDD0, with a being more important
in determining trait distribution than GDD0 (Fig. 6A). The
Perennial grass Annual grass
Perennial forb
Tree Shrub
R2 = 0·12 R2 = 0·34
R2 = 0·20
R2 = 0·15R2 = 0·33
R2 = 0·44 Annual forb































FI G. 2. Abundance of life forms (tree, shrub, perennial forb, annual forb, perennial grass and annual grass) as a function of aridity (a) and accumulated temp-
erature sum during the growing season (GDD0). All the statistical significances were very high (P, 0.001).
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analysis of composite traits (Fig. 6B) allows the relationship
between traits within PFTs to be examined.
The composite traits are clustered (Fig. 6B), such that most of
the traits displayed by deciduous broad-leaved trees occur in
wetter environments than the traits displayed by deciduous
broad-leaved shrubs, which in turn occur in colder and wetter
environments than those traits displayed by deciduous scale-
leaved shrubs. Evergreen trees occur in coldest and wettest
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FI G. 3. Expression of photosynthetic pathway (C3, C4, CAM) within each life form as a function of aridity (a) and accumulated temperature sum during the
growing season (GDD0). All statistical significances were very high (P, 0.001), except for the C3 pathway in perennial forbs (P, 0.01).
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FI G. 4. Expression of plant functional types defined by life form, leaf type (broad, needle, scale) and phenology (evergreen, deciduous) within trees and shrubs
as a function of aridity (a) and accumulated temperature sum during the growing season (GDD0). All statistical significances were very high (P, 0.001).
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environments; deciduous scale-leaved trees occur in drier and
warmer environments than deciduous broad-leaved and ever-
green trees. Within these broadly defined PFTs, the ordering
of most morphological traits is the same as shown at the individ-
ual trait level: for example, the ordering of leaf size with respect
to aridity is the same in both deciduous broad-leaved trees and
deciduous broad-leaved shrubs. However, the ordering of some
morphological traits is different when considered at the compo-
site trait level. For example, in contrast to the observed relation-
ship in the individual trait analysis, long petioles occur in
warmer and drier climates than short petioles in the deciduous
broad-leaved tree category. This indicates that, within that part
of climate space occupied by a specific PFT, the abundance
of leaf morphological traits may be determined by different
aspects of the climate gradients.
DISCUSSION
Validity of the data set and methods
The present analyses have been based on species lists from
quadrat sampling of different vegetation types represented in
northern China and the compilation of plant trait data for these
species based on floras and similar literature sources. There
are advantages and disadvantages of this approach. Using
quadrat data collected by other scientists over the last decade
provides a more extensive data set, covering a larger gradient
in key climate parameters, than might otherwise have been poss-
ible. This has allowed us to establish relationships between many
individual traits and climate. However, reliance on pre-existing
quadrat data meant that some basic information about sites and
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FI G. 5. Expression of weighted average leaf size as a function of aridity (a) and accumulated temperature sum during the growing season (GDD0) across all life
forms, and within different life forms. All statistical significances were very high (P, 0.001).
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available for some sites and information on sampling methods
was missing from others. This necessitated a careful screening
of the data prior to analysis. The lack of information on the abun-
dance of individual species in each quadrat is a further limit-
ation. The present analyses were necessarily based on the
relative proportion of species exhibiting a given trait in the
assemblage, rather than the overall abundance of the trait.
Collection of trait information in the field is time-consuming.
The use of floras to allocate traits to individual species could
make the collection of trait information much quicker and thus
permit comparisons between different regions and across floristic
domains. As many more regional floras are digitized (e.g.
African Plants Initiative: http://apps.kew.org/herbcat/gotoApi.do;
Australian Virtual Herbarium: http://www.chah.gov.au/avh/avh.
html), making automatic searching for key traits faster, we antici-
pate that this source of information will be more widely used. This
will not obviate the need for field studies, as floras cannot provide
quantitative information on, for example, leaf economic traits
or leaf biochemistry. However, it will facilitate the investigation
of morphometric traits that represent other aspects of plant
physiology and functioning (Lavorel et al., 2007).
Modulation of traits by climate
Although most of the life forms examined are present
throughout the study area, trees, shrubs, forbs and grasses all
have their maximum abundance in discrete parts of the
climate space. Thus, forbs, and to a lesser extent grasses,
show changes in abundance related to aridity with the
highest abundance of perennial forbs/grasses occurring in rela-
tively moist areas and the highest abundance of annual forbs/
grasses occurring in dry areas. The annual habit allows forbs/
grasses to make use of sporadic rainfall events during the
growing season (Larcher, 1995) and thus is suited to the
driest environments in the summer-dominated rainfall regime
of northern China. We have also shown that trees are abundant
in moist environments and shrubs reach maximum abundance
in drier environments, a pattern that has also been observed in
the Mediterranean region (Barboni et al., 2004) and conforms
to the general pattern of a reduction in the height of woody
plants with increasing aridity. However, there is a second
maximum of trees in hot, dry climates reflecting the presence
of the C4 tree Haloxylon ammodendron. The C4
photosynthetic pathway, as discussed below, is generally
associated with high water-use efficiency and is found in cli-
mates characterized by high temperature and marked aridity
– environments not typically associated with the growth of
trees. However, a limited number of trees exhibiting C4 photo-
synthesis have been identified in the flora of the Middle East
(Winter, 1981) and Hawaii (Pearcy and Troughton, 1975) as
well as China (Pyankov et al., 1999), including Haloxylon
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FI G. 6. CCA ordination diagrams of (A) individual traits on leaf level and (B) composite traits in woody plant functional types. The arrows represent the gra-
dients of aridity (a) and accumulated temperature sum during the growing season (GDD0). Each symbol represents the relative position of the trait in the climatic
space defined by GDD0 and a, based on all the species showing that trait.
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Euphorbia olowaluana var. gracilis and E. forbesii
(Euphorbiaceae). Although most of these species are confined
to relatively dry environments, E. forbesii occurs in rainforest
sites in Hawaii. This suggests that there may be other factors
influencing the distribution of C4 trees. In both the Middle
East and China, tolerance of saline soils, extreme temperatures,
ability to tap groundwater resources and highly seasonal rain-
fall have been invoked as potential explanations for the occur-
rence of C4 trees (Winter, 1981; Pyankov et al., 1999).
However, we are not aware of any systematic investigations
of the environmental controls on the occurrence of C4 trees
and further investigation of this group seems warranted.
Plants using the C4 photosynthetic pathway have higher
water-use efficiencies than those with C3 photosynthesis, and
CAM plants have higher water-use efficiencies than C4
plants (Polley et al., 1992; Ehleringer and Monson, 1993).
Increasing frequency of plants with C4 photosynthesis is gen-
erally associated with increasing aridity (e.g. Wentworth,
1983; Archer, 1984) and CAM photosynthesis with extreme
aridity (e.g Shreve and Wiggins, 1964). In northern China,
trees and shrubs with C4 photosynthesis are indeed confined
to dry environments, and C4 perennial grasses also increase
in abundance with increasing aridity. However, in annual
forbs, C4 photosynthesis occurs across the whole aridity gradi-
ent. In the present data set, only perennial forbs (mostly
Crassulaceae) exhibit CAM photosynthesis and these are not
found in the driest environments as measured in terms either
of total rainfall or of plant-available moisture as measured
by the aridity index (a). Rather, CAM photosynthesis only
occurs in sites with relatively high a (0.25–0.6). In South
Africa, it has been shown that C4 plants become more abun-
dant in regions with summer rainfall (Werger and Ellis,
1981). In contrast, it has been suggested that CAM photosyn-
thesis represents an important ecological advantage in arid and
semi-arid ecosystems with erratic precipitation (Sayed, 2001).
The distribution of CAM photosynthesis in northern China
suggests a link to both summer-season and erratic rainfall.
More CAM plants occur at sites where .66 % of the annual
rainfall falls in summer. Furthermore, 85 % of the sites
where CAM plants occur lie in the Inner Mongolia temperate
steppe where photosynthesis, respiration and productivity show
a significant response to rain pulses (Chen et al., 2009).
The reduction in leaf size with increasing aridity can be
explained as a mechanism that reduces overheating of the
leaf under a combination of high solar radiation, high
ambient temperature and low water availability such that eva-
porative cooling is restricted (Werger and Ellenbroek, 1978;
Westoby et al., 2002). Observations suggest that small-leaved
plants are characteristic of hot, dry climates (Skarpe, 1986;
Fonseca et al., 2000) as well as cold regions and highlands
(e.g. Morecroft and Woodward, 1996; Tang and Ohsawa,
1999). Small-leaved plants in extremely cold (tundra) and
dry summer (Mediterranean) climates often exhibit other leaf
morphological adaptations to limit water loss, including
waxy coatings, curling and/or the presence of leaf hairs (e.g.
Jefferson et al., 1989; Barboni et al., 2004). In initial analyses
of the present data set a weak correlation was found between
leaf size and pubescence. However, there is a stronger corre-
lation between petiole length and aridity. In general, petiole
length increases with decreasing aridity, and thus there is a
positive correlation between leaf size and petiole length, prob-
ably reflecting the need for mechanical strengthening to
support large leaves (Niinemets et al., 2006, 2007; Poorter
and Rozendaal, 2008). However, within the deciduous broad-
leaved trees, the opposite relationship was found: petiole
length increased with aridity. Increased petiole length, in this
case, is probably a mechanical device to promote leaf
cooling. However, strong relationships between leaf size and
other traits characteristic of sclerophylly are rare and there is
generally a wide variation in the degree of sclerophylly associ-
ated with specific leaf sizes at the species level (Ackerly and
Reich, 1999; Fonseca et al., 2000; Ackerly et al., 2002).
This may be because several other characteristics contribute
to minimizing the impact of high evaporative demand, includ-
ing increased rooting depth (e.g. Canadell et al., 1996), the
ability to store water in stems or leaves (e.g. Cowling and
Campbell, 1980; Sayed, 1998) and facultative or obligate
leaf removal (e.g. Mooney and Dunn, 1970).
Although the relationships between climate and the abun-
dance of morphometric traits in non-woody species might be
expected to be stronger in more arid climates, the present ana-
lyses have shown that the relationships between traits and
climate parameters are more strongly expressed in tree and
shrub life forms than in non-woody groups. Leaf size variation,
for example, is most strongly expressed in trees, shrubs and
annual forbs and there are no clear gradients in the other life
forms. Forbs and grasses in sites from the wettest end of our
climate gradient are understorey components, and could there-
fore be influenced by below-canopy microclimates (e.g. see
Santiago and Wright, 2007). This may explain why forbs
and grasses show somewhat weaker relationships between
traits and climate than trees and shrubs. In future studies, it
would be useful to differentiate canopy and understorey
species in trait–climate analyses.
Modulation of trait–climate relationships by PFT
Previous studies have indicated that the response of individ-
ual morphometric traits to climate can be different between
PFTs (e.g. see Barboni et al., 2004). Reich and Oleksyn
(2004) have also shown that the relationship between annual
mean temperature and leaf economic traits, specifically the
leaf nitrogen/phosphorus (N:P) ratio, differs between evergreen
and deciduous trees. The present study shows that whereas leaf
size shows similar relationships between different PFTs, petiole
length displays different relationships with climate according to
PFT. This finding supports the idea that different PFTs respond
to environmental conditions through different combinations of
traits (Reich et al., 1999, 2001, 2003; He et al., 2006).
Comparison with previous flora-based studies
Most analyses of the relationships between traits and environ-
mental parameters, including climate, have been based on field
observations or meta-analyses of field studies. An alternative
approach, first used by Barboni et al. (2004), of using trait infor-
mation derived from floras was adopted here. As in the present
study, Barboni et al. (2004) studied trait–climate relationships
along aridity gradients but in a winter-wet/summer-dry
climate. There are important differences in the methodologies
Meng et al. — Plant traits and climate gradients in northern China1226
employed here and by Barboni et al. (2004). Barboni et al.
(2004) used modern pollen samples as a means of identifying
the spatial distribution of plant taxa rather than species lists
from field surveys as in this study. Pollen is frequently only
identifiable to genus level (or even family level) and thus the
use of pollen data involves a loss of taxonomic resolution. On
the other hand, Barboni et al. (2004) were able to use pollen
abundance as a measure of the abundance of taxa at each site,
and hence the relative importance of individual traits. In this
study, we have been able to identify plants to species level but
we only have presence/absence information not abundance.
Despite these differences in methodology, some traits emerge
as diagnostic of climate gradients in the two studies, including
life form, leaf type, phenology, photosynthetic pathway and
leaf size. Life form plays a role in determining the relationship
between certain plant traits and climate in both studies.
Although similar traits were identified as having diagnostic
value for climate gradients, the relationships identified in
northern China are different from those identified in the
Mediterranean region by Barboni et al. (2004). There is agree-
ment that shrubs occur in relatively dry environments but, in
contrast to the situation in the Mediterranean, trees do not
increase in abundance as aridity decreases in northern China;
rather, C4 trees are replaced by C3 trees as aridity decreases.
Evergreen broad-leaved shrub species occur in dry regions
with warm winters in the Mediterranean but in relatively wet
regions with cold summers in northern China. These findings
emphasize the need to understand trait gradients not simply
as a function of plant-water availability expressed in terms
of mean annual state but to take seasonality into account.
Conclusions
Ecologically interpretable trends in the expression of plant
traits along climate gradients in northern China have been
demonstrated using presence/absence species data from
quadrat records and flora/literature-based trait assignments.
Life form, leaf size, photosynthetic pathway, petiole length,
leaf type and leaf phenology appear to reflect climate gradients
in northern China, as do individual leaf traits such as leaf size.
Nevertheless, and in common with other studies, many
leaf-level traits show different trends in the gradient of abun-
dance with respect to climate, depending on life form. This
finding confirms the idea that plant life form is central to the
definition of a functional hierarchy of plant traits (e.g. see
Lavorel et al., 1997). In general, the success of these analyses
opens the possibility of using flora-based trait analyses, which
considerably widens the scope of such analyses and makes it
possible to contemplate global-scale analyses of climate–
trait relationships.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.
oxfordjournals.org and consist of the following. Table S1:
quadrat survey methods for sites from which species lists
were originally derived. Table S2: assignment of composite
traits to identified species in analyses.
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